We present a novel photonic approach to generating widely tunable and background-free binary phase-coded radiofrequency (RF) pulses by cascading a polarization modulator (PolM) and a phase modulator (PM). The PolM is used to produce an optical carrier and two sidebands with orthogonal polarization states. The phase shift θ between the optical carrier and the sidebands is controlled by the electrical driving signal applied to the PM. For θ > π∕2 or <π∕2, the phase of the detected RF signal is 0 or π, respectively. For θ π∕2, there is no RF signal recovered in the photodiode (PD). In this way, binary phase-coded RF pulses can be generated, while the optical power launched to the PD keeps constant. The proposed technique is therefore background free by eliminating the baseband frequency components. Moreover, the carrier frequency of the RF pulses is widely tunable and the π phase shift of the RF signal is independent of the amplitude of the electrical driving signal. The proposed scheme is theoretically analyzed and experimentally verified.
Pulse compression has been widely used in modern coherent radars to increase the range resolution [1] . To realize pulse compression, phase coding or frequency chirping is generally introduced to the radio-frequency (RF) pulses. Photonic generation of phase-coded or frequency-chirped RF pulses has been considered as a promising solution due to its numerous advantages, such as light weight, low power consumption, reconfigurability, and immunity to electromagnetic interference [2] .
So far, various schemes have been proposed [2] [3] [4] [5] [6] [7] [8] [9] [10] . Photonic generation of phase-coded RF pulses can be realized by means of wavelength-to-time mapping [3] . In [4] , the phase-coded RF signals were generated based on heterodyning of two optical signals in a photodiode (PD), one of which is phase modulated in a Sagnac loop by a phase modulator (PM). Phase-coded RF signal can also be generated based on a polarization modulator (PolM) incorporated with an optical bandpass filter [5, 6] . Recently, the generation of phase-coded RF signals was demonstrated using cascaded PolMs without the use of an optical filter [7] . The principal of RF phase coding can be regarded as a switch between the two opposite slopes of the transmission curve of an intensity modulator. Nevertheless, these techniques suffer from several limitations: (1) the frequency tunable range of the RF carrier is restricted by the bandwidth or the roll-off property of the optical bandpass filters and fiber Bragg gratings (FBGs) [4] [5] [6] 8] . For example, the optical filter in [6] was used to reject one of the two sidebands and to shape the powers of the optical carrier and the remained sideband to be the same. As a result, the phase-coded RF pulses at low carrier frequency can hardly be generated; (2) the amplitude of the electrical driving signal should accurately be V π , namely the half-wave voltage of the modulator, to ensure a π phase shift [4, 5, [7] [8] [9] ; and (3) most of the reported techniques were designed to generate phase-coded continuous wave (CW) RF signals rather than RF pulses [4, 5, 7, 8 ]. An additional intensity modulator therefore has to be added to truncate the CW optical signals into optical pulses [10] . Unfortunately, this leads to a pedestal in the time-domain pulse and, consequently, baseband frequency components (i.e., "background" signals [11] ). These background signals contaminate the phase-coded RF pulses and have to be removed using an electrical bandpass filter [9] or time-domain background-subtraction methods [11] . The use of an additional intensity modulator not only increases the complexity of the system but also suffers from high insertion loss and reduced pulse extinction ratio.
In this Letter, we propose a new approach to photonic generation of widely tunable and background-free binary phase-coded RF pulses by cascading a PolM and a PM. A sinusoidal RF signal is fed to the PolM to generate an optical carrier and two sidebands with orthogonal polarization states. The phase shift θ between the optical carrier and the sidebands is controlled by the electrical driving signal of the PM taking advantage of the polarizationdependent phase modulation indices of the PM. The optical carrier and the sidebands are combined to a fixed linear polarization state before being detected in the PD. For θ > π∕2 or <π∕2, the phase of the detected RF signal is 0 or π, respectively. For θ π∕2, there is no RF signal recovered in the PD because the beat signals between the optical carrier and sidebands cancel each other out perfectly. Therefore, binary phase-coded RF pulses can be generated by programming the electrical driving signal applied to the PM. The proposed scheme is free from the limitations discussed above [4] [5] [6] [7] [8] [9] [10] . It is worth noting that the carrier frequency of the RF pulses is widely tunable since there is no optical filter or electrical filter used. Moreover, the π phase shift of the RF signals is independent of the amplitude of the electrical driving signal. It is quite interesting to find that the phase-coded RF pulses are generated without the use of an additional intensity modulation. The generated RF pulses are background free because the optical power launched to the PD keeps constant all the time. The feasibility of the proposed technique is theoretically analyzed and experimentally verified. The pulse compression capability of the proposed scheme is also evaluated using a 13-bit Barker code.
The schematic diagram of the proposed system is shown in Fig. 1(a) , which consists of a laser diode (LD), a PolM, a PM, a polarizer, two polarization controllers (PCs), and a PD. The linearly polarized optical carrier, which is fiber coupled to the PolM, can be expressed as E in t expjω 0 t, where ω 0 is the angular frequency of the optical carrier. The PolM is a special PM that supports both transverse electric (TE) and transverse magnetic (TM) modes with opposite phase modulation indices. The polarization angle of the optical carrier is aligned at 45°to one principal axis (the x axis) of the PolM. In the PolM, the optical carrier is modulated by a sinusoidal RF signal with amplitude of V RF and angular frequency of ω RF to generate an optical field
where φ 1 is the phase difference between E x and E y , which is controlled by the dc bias of the PolM. β 1 πV RF ∕V π1 is the phase modulation index of the PolM. V π1 is the half-wave voltage of the PolM. Applying the Jacobi-Anger expansion to Eq. (1) and considering smallsignal modulation condition, we obtain
where only the optical carrier and the first-order sidebands are considered. J n · n 0; 1 is the Bessel function of the first kind of order n. Here we assume φ 1 0. It is noted that the optical carrier and sidebands are polarized at 45°and −45°relative to the x axis of the PolM, respectively. Therefore, Eq. (2) can be rewritten as
By tuning PC1, the principal polarization axes of the PM are oriented at an angle of 45°to that of the PolM. This means that the polarization states of the optical carrier and sidebands are aligned with the two principal axes of the PM. Here we use the fact that the electro-optic coefficient of the LiNbO 3 PM is different for the TE and TM polarization states, which results in two different phase modulation indices in the two polarization states. Therefore, the optical carrier and sidebands experience different phase modulations through the PM. The optical field at the output of the PM is given by
where V TE π2 and V TM π2 are the half-wave voltage of the PM for TE and TM polarization states, respectively. V t is the electrical signal applied to the PM and φ 2 is the phase difference between E x and E y , which is controlled by the dc bias of the PM. We have V TM π2 ∕V TE π2 ∼ 1∕3 [12] for lithium niobate. Following the PM, the polarizer oriented at an angle of 45°to one principal axis of the PM is added to project the orthogonal optical carrier and sidebands onto a fixed linear polarization state. The optical field at the output of the polarizer can be expressed as
where we assume φ 2 0. The phase difference between the optical carrier and sidebands is given by
After the polarizer, the optical signal is detected in the PD, resulting in a photocurrent it
The photocurrent consists of dc and ac parts. The dc part is independent of the electrical driving signals, which means that the proposed scheme is background free. It is also confirmed by Eq. (5), where the total optical power launched to the PD keeps constant and only the phase is modulated. For the ac part, a sinusoidal RF signal at the frequency of ω RF is generated, whose envelope is shaped by a sine term. The phase of the detected RF signal is 0 or π for V t V −1 < 0 or V t V 1 > 0, respectively, because the sine term is an odd function. The π phase shift is determined by the sign of V t rather than its amplitude. Moreover, the RF signal is turned off for V t 0. Figure 1(b) shows the principal of the proposed technique from the other point of view. For V t 0, the phase shift between the optical carrier and sidebands θ is π∕2 [see Eq. (6)]. The beat signal between the upper sideband and the optical carrier destructively interferes with that between the optical carrier and the lower sideband. They cancel each other out perfectly in the PD, resulting in no RF signal detected in the PD. For V t V −1 < 0 and Vt V 1 > 0, we have π∕2 < θ ≤ π and 0 ≤ θ < π∕2, respectively. The vector summation of the RF components in the PD leads to the opposite RF phases (0 and π, respectively), as shown in Fig. 1(b) . As a result, binary phase-coded RF pulses are generated. The amplitude of the RF signal reaches the maximum when θ 0 or π. An experiment was carried out based on the setup shown in Fig. 1(a) . The principal polarization axes of the PolM, the PM, and the polarizer were set as described previously by adjusting the PCs. A linearly polarized optical carrier from an LD emitting at a wavelength of 1550 nm was fiber-coupled to the PolM. A polarizer is integrated at the input of the PolM with an angle of 45°to one principal axis of the PolM. The PolM was driven by a sinusoidal RF signal from an electrical signal generator (ESG). The PM was fed by a three-level (0 and 1 V) rectangular code signal from a pulse pattern generator (PPG), which was triggered by the ESG after a power splitter (from dc to 26.5 GHz) and a 1∕4 frequency divider. The half-wave voltage V π2 of the PM is 6 V for TM polarization and 17.5 V for the TE polarization. The three-level rectangular signal was generated by combining two independently programmed channels of the PPG with custom-defined patterns. A 13-bit Barker code that is commonly used in radar applications was applied to the proposed system. The PPG was custom-defined as a 32-bit fixed pattern: −1; −1; −1; −1; −1; 1; 1; −1; −1; 1; −1; 1; −1; 0; 0; …; 0 (i.e., 13-bit Barker code plus 19-bit "0").
First of all, the proposed system was tested at an RF carrier frequency of 26 GHz. This carrier frequency was limited by the bandwidth (from dc to 26.5 GHz) of the power splitter. The electrically generated 13-bit Barker code applied to the PM is shown in Fig. 2(a) , which was measured by a sampling oscilloscope. The PPG operated at a speed of 6.5 Gb∕s. This is equivalent to a pulse train with a repetition rate of 200 MHz and a duty cycle of 13∕32. Figure 2(b) shows the experimentally measured CW waveform of the noncoded RF signal at the frequency of 26 GHz, while the Barker-coded RF pulse is shown in Fig. 2(c) . It can be seen that the CW RF signal is truncated into pulses with pulse duration of 2 ns. It can be expected that the generated RF pulses are background-free in the electrical domain since there is no pedestal in the time-domain pulse. Moreover, the phase jumps in the pulse duration are clearly presented. Figure 2(d) shows the phase information extracted from Fig. 2(c) , where the π phase shift is confirmed. It is also verified that the π phase shift is determined by the sign of the electrical driving signal (1 V) rather than its amplitude since the peak-to-peak voltage (2 V) of the electrical driving signal is much less than the half-wave voltage of the PM, namely V TE π2 (17.5 V) and V TM π2 (6 V). To clearly show the RF pulses, the generated signals were measured in a larger time scale of 20 ns, as shown in Fig. 2(e) . The pulse train shows a duty cycle of 13∕32 as expected. Figure 3(a) shows the measured electrical spectrum of the Barker-coded RF pulse at the frequency of 26 GHz. The electrical spectrum is centered at 26 GHz with a frequency interval of 200 MHz between the adjacent frequency components as expected. The electrical spectrum consists of a main lobe and a series of sidelobes, which can be attributed to the Fourier transform of the rectangular envelope of the RF pulses. It is worth noting that the electrical spectrum is background free since the baseband electrical components are well suppressed. The autocorrelation of the generated Barker-coded RF pulse is shown in Fig. 3(b) , where the inset shows the zoom-in view. The peak-to-sidelobe ratio (PSR) is 8.5 dB. The full width at half-maximum (FWHM) of the autocorrelation is ∼0.163 ns. The pulse compression ratio (PCR) is calculated to be 12.52, which is very close to the theoretical value of 13 for the 13-bit Barker code.
To evaluate the frequency tunability of the system, the RF carrier frequency was reset at a low frequency of 10 GHz, which is hardly achieved in [4] [5] [6] 8] where optical filters or FBGs were used. This carrier frequency was arbitrarily chosen between dc and 26.5 GHz, that is, the bandwidth of the power splitter. The PPG operated at a speed of 2.5 Gb∕s. This is equivalent to a pulse train with a repetition rate of ∼78 MHz. Figure 4(a) shows the Barker-coded RF pulses, while the π phase shift of the RF signals is shown in Fig. 4(b) . Figure 5 (a) illustrates the measured electrical spectrum of the Barker-coded RF pulses, which has a center frequency of 10 GHz. The background-free electrical spectrum is again confirmed. The autocorrelation of the Barker-coded RF pulse is shown in Fig. 5(b) , where the inset shows the zoom-in view. The PSR is calculated to be 9.3 dB and the FWHM of the autocorrelation is 0.411 ns, corresponding to a very good PCR of 12.65.
In conclusion, we have theoretically and experimentally demonstrated a novel approach to generating widely tunable and background-free binary phase-coded RF pulses by cascading a PolM and a PM (the PM can also be replaced by a PolM). The RF pulses are directly generated by truncating a CW RF signal using a photonic approach. The proposed technique is background free since the optical power launched to the PD keeps constant all the time. Moreover, the carrier frequency of the RF pulses is widely tunable and the π phase shift of the RF signals is independent of the amplitude of the electrical driving signal. The upper limit of the RF carrier frequency was only restricted by the bandwidth of the devices used in the experiment. The proposed scheme has been experimentally verified at the RF carrier frequencies of 10 and 26 GHz, respectively. 
